Ethyl (R, S)-4-chloro-3-hydroxybutanoate (ECHB) is a useful chiral building block for the synthesis of L-carnitine and hypercholesterolemia drugs. The yeast reductase, YOL151W (GenBank locus tag), exhibits an enantioselective reduction activity, converting ethyl-4-chlorooxobutanoate (ECOB) exclusively into (R)-ECHB. YOL151W was generated in Escherichia coli cells and purified via Ni-NTA and desalting column chromatography. It evidenced an optimum temperature of 45 o C and an optimum pH of 6.5-7.5. Bacillus subtilis glucose dehydrogenase (GDH) was also expressed in Escherichia coli, and was used for the recycling of NADPH, required for the reduction reaction. Thereafter, Escherichia coli cells co-expressing YOL151W and GDH were constructed. After permeablization treatment, the Escherichia coli whole cells were utilized for ECHB synthesis. Through the use of this system, the 30 mM ECOB substrate could be converted to (R)-ECHB.
Enantioselective reductions are important reactions in the asymmetric syntheses of enantiopure compounds that function as useful synthons and pharmaceutical intermediates [8, 15, 18] . Optically active ethyl 4-chloro-3-hydroxybutanoate (ECHB) is a useful chiral building block used in the synthesis of certain pharmaceuticals. The (R)-enantiomer is a precursor of L-carnitine, and the (S)-enantiomer is an important starting material for hydroxymethylglutarylCoA (HMG-CoA) reductase inhibitors [14] .
These reduction reactions frequently require a stoichiometric quantity of the expensive cofactor NAD(P)H; and hence, practical applications require sufficient recycling of the cofactor [2] . Generally, cofactor recycling can be achieved via the coupling of a desired enzymatic reaction. Enzymatic regeneration can be achieved through "coupled-substrate" [7, 20] and "coupled-enzyme" [9] [10] [11] [12] 19] approaches. The "coupled-enzyme" method is the more general approach, and utilizes the first enzyme for the desired biotransformation, and the second for cofactor regeneration. Glucose dehydrogenase (GDH) is a well-known enzyme utilized for the regeneration of NADPH [21] [22] [23] .
Cofactor recycling has been achieved with isolated enzymes, and whole cells harboring the necessary enzymes. Although the use of isolated enzymes is still somewhat expensive, the use of whole cells is dependent on the quantity of available intracellular cofactor, which may be a limiting factor and cannot be altered by the addition of extracellular cofactor, unless the cell membranes are also modified. Whole cells can be made permeable to the cofactors NAD(P)H and NAD(P) + by controlled treatment with an organic solvent and/or detergent, while maintaining the necessary enzymes inside the cells [1, 4] . The use of such permeabilized cells as biocatalysts allows for the utilization of an externally added cofactor, easy substrate access, and easy product release. Moreover, enzymes inside permeabilized cells frequently retain high levels of activity for a prolonged period [5, 17] .
In a previous study, we generated a variety of microbial reductases in E. coli cells [3] . Amongst these, the yeast reductase YOL151W was shown to be able to convert 3-chloro-1-phenyl-1-propanone exclusively into (S)-3-chloro-1-phenyl-1-propanol, a chiral intermediate utilized in the synthesis of antidepressant drugs [3] . In this study, we determined that YOL151W also reduced ethyl 4-chloro-3-oxobutanoate (ECOB) exclusively to (R)-ECHB. We then characterized YOL151W and conducted a coupling reaction with Bacillus subtilis GDH. Additionally, we prepared E. coli transformants coexpressing the yeast YOL151W and Bacillus GDH for the production of (R)-ECHB. Preparation of Crude Enzymes of Reductase YOL151W and Glucose Dehydrogenase Recombinant E. coli BL21 (DE3) harboring the Saccharomyces cerevisiae reductase gene [3] was cultured at 18 o C in 1 l of LB medium (10 g of tryptone, 5 g of yeast extract, and 5 g of NaCl per liter) containing 100 µg/ml of ampicillin. When the OD 6 0 0 n m reached 0.5, isopropyl thio-β-D-galactoside was added to a final concentration of 1 mM and cultured for an additional 20 h. The cultured cells were then harvested via centrifugation (10,000 ×g, 10 min) and resuspended in 20 ml of a 100 mM Tris-HCl buffer (pH 7.5). The cells were disrupted via sonication and the soluble fraction obtained by centrifugation (10,000 ×g, 15 min) was then employed as the crude reductase YOL151W solution.
MATERIALS AND METHODS

Chemicals
Recombinant E. coli BL21 (DE3) harboring the Bacillus subtilis glucose dehydrogenase gene was also cultured, and crude GDH enzyme solution was prepared through the same method as in the case of YOL151W.
Purification of Reductase YOL151W
Reductase YOL151W in the cell-free extract was purified as follows. First, 10 ml of the cell-free extract of E. coli BL21 (DE3)/ pETR151 was loaded onto a Ni-NTA column (bed volume; 18 ml) (QIAGEN GmbH, Hilden, Germany) pre-equilibrated with 50 mM of sodium phosphate and 300 mM of NaCl containing 50 mM of imidazole. Unbound proteins were washed from the column with 40 ml of the same buffer. The bound recombinant reductase was then eluted from the column via the application of 20 ml of a 200 mM imidazole buffer. The active fractions were collected. Subsequently, 2.5 ml of the enzyme solution was loaded onto a PD-10 desalting column (bed volume; 8.3 ml) (GD Healthcare BioSciences AB, U.K.) and eluted with 3.5 ml of a 100 mM Tris-HCl buffer (pH 7.5). The active YOL151W fractions were collected and utilized for the purposes of this research.
Assay of Reductase and Glucose Dehydrogenase Activities
Reductase activity was assayed at 30 o C by measuring the decrease in absorbance at 340 nm for 10 min using a spectrophotometer. The reaction mixture (1 ml) consisted of 1 mM ECOB (100 mM stock in DMSO), 0.2 mM NADPH, 100 mM Tris-HCl buffer (pH 7.5), and 10 µl of crude YOL151W solution or permeabilized E. coli cells. One unit of enzyme was defined as the quantity of enzyme required to catalyze the oxidation of 1 µmol of NADPH in 1 min at 30 
Characterization of YOL151W
The effects of temperature and pH were evaluated using the purified YOL151W enzyme. Reactions were spectrophotometrically monitored by measuring the reduction in NADPH absorbance at 340 nm with the purified enzyme. The reaction rate was measured at various temperatures (5-60 o C). In order to evaluate temperature stability, the enzyme was pre-incubated for 30 min at 10-50 o C, after which the remaining activity was assayed at 30 o C. The following buffers (50 mM) were utilized to characterize the effects of pH: pH 3-6, acetic acid/sodium acetate; pH 6-8.5, KH . To confirm the pH stability, the enzyme was pre-incubated for 30 min in the pH buffers listed above on ice, and then adjusted to pH 7.5, under which conditions the residual activity of the enzyme was evaluated.
The effect of the Tris-HCl buffer concentration on the reductase reaction rate was measured. Various concentrations (50, 100, 150, 200, 250, and 300 mM) of Tris-HCl buffer (pH 7.5), including 1 mM ECOB, 0.2 mM NADPH, and 10 µl of purified YOL151W enzyme, were used.
Reaction solutions (100 mM Tris-HCl buffer, pH 7.5) containing 1 mM ECOB, 0.2 mM NADPH, 10 µl of purified YOL151W enzyme, and various concentrations of DMSO [final conc. 1, 1.5, 2, 2.5, 3, 3.5, and 4% (v/v)] were mixed, and the reaction rates were measured by assessing the decrease in absorbance at 340 nm.
Coexpression of Reductase and Glucose Dehydrogenase in E. coli A recombinant plasmid harboring both the YOL151W gene and the GDH gene was constructed. We utilized the pETR151 plasmid containing the YOL151W gene in a pET22 vector and also utilized the pACGDH plasmid containing the Bacillus subtilis glucose dehydrogenase gene (GenBank ID EF626962.1) in a pACYCDuet-1 vector (Fig. 3A) . In order to subclone the YOL151W reductase gene into pACGDH, the following PCR primer set was designed: 5'-ACGTCATGATCTCAGTTTTCGTTTCAGGT-3'/5'-GCGAAGCTT TTATATTCTGCCCTCAAA-3'. The recombinant plasmid pETR151 was used as a template. The PCR conditions were as follows: 30 cycles of 95 o C for 1 min, 43 o C for 1 min, and 72 o C for 1 min. The PCR product was cloned into pGEM-T (Promega Corp., Madison, WI, U.S.A.) and transformed into E. coli XL1-Blue. The YOL151W gene in pGEM-T vector was cut with BspHI and HindIII, and then ligated downstream of the first T7 promoter of the pACGDH vector, which had been previously cut with NcoI and HindIII. The ligation mixture was then utilized to transform E. coli XL1-Blue. The recombinant plasmid was designated as pACR151-GDH.
E. coli BL21 (DE3) cells containing one plasmid (pACR151-GDH) or two plasmids (pETR151 plus pACGDH) were cultured at 18 o C in a Luria-Bertani medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) containing 100 µg/ml of ampicillin (for pETR151) or 170 µg/ml of chloramphenicol (for pACR151-GDH and pACGDH). When the cells reached an optical density (OD To render the cell membrane permeable to the substrates and cofactor, the recombinant E. coli BL21 (DE3) cells were mixed and shaken at 300 rpm and 30 o C for 10 min with 5 mM EDTA and 1%
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toluene [3] , washed via 10 min of centrifugation at 3,000 ×g, and then used for the whole-cell coupling reaction.
Enzymatic Coupling Reaction and Reaction Mixture Analysis
The enantioselectivity of the enzymatic reduction of ECOB ketone was evaluated using a cofactor regeneration system. The general procedure was as follows: 30 mM ECOB, 1 mM NADPH, 20 units of reductase YOL151W, 45 mM D-glucose, and 40 units of glucose dehydrogenase were mixed in a total volume of 10 ml of Tris-HCl buffer (100 mM, pH 7.5), and the mixture was incubated at 30 o C. The pH of the reaction mixture was monitored with a pH meter and maintained at 7.0-7.5 by the addition of 1 M NaOH.
For the coupling reactions using the whole-cell systems, 30 mM ECOB, 1 mM NADPH, 45 mM D-glucose, and 20 units (calculated based on reductase activity) of the permeabilized cells containing one plasmid (pACR151-GDH) or two plasmids (pETR151 and pACGDH) were mixed in a total volume of 10 ml of Tris-HCl buffer (100 mM, pH 7.5), and the mixture was incubated at 30 
RESULTS AND DISCUSSION
Purification and Characterization of YOL151W
In a previous study, we generated a variety of microbial reductases in E. coli cells [3] . Their reductase activities toward ECOB were measured via a spectrophotometric method, and it was determined that amongst them, YOL151W evidenced a high level of activity toward ECOB. In fact, in previous research, YOL151W was shown to convert 3-chloro-1-phenyl-1-propanone exclusively into (S)-3-chloro-1-phenyl-1-propanol, a chiral intermediate utilized in the synthesis of antidepressant drugs [3] .
Systematic investigations of Saccharomyces cerevisiae enzymes for various carbonyl compounds have been previously conducted by other research groups [6, 13, 15] . Among them, Kaluzna et al. [13] determined that YOL151W could produce (R)-ECHB. Ema et al. [6] also reported that E. coli cells producing YOL151W generated (R)-ECHB exclusively. However, no report has thus far been conducted concerning the detailed reaction characteristics of the YOL151W reductase. Moreover, no report has yet been conducted to determine the optimized conditions for this reaction. Therefore, in this study, we attempted to characterize in detail the reaction properties of YOL151W.
YOL151W reductase was purified in an effort to evaluate its reaction properties. As the enzyme harbored a His-tag at its C terminus, it could be easily purified using two sequential purification steps: Ni-NTA and PD-10 column chromatography. The purified enzyme had a specific activity of 50.2 U/mg toward the ECOB substrate.
The optimal temperature of the reductase was measured to be 45 o C, and its enzyme activity was reduced rapidly at temperatures above 50 o C (Fig. 1A) . It was stable at up to 35 o C for 30 min of incubation, and its thermal stability was reduced rapidly at temperatures above 35 o C (Fig. 1B) . The optimal pH was 6.5-7.5 (Fig. 1C) , and its enzyme was stable at pH 4-11 for 30 min of incubation (Fig. 1D) .
In order to convert large quantities of substrate using the reductase, the reaction process should be coupled with a GDH enzyme that regenerates NADPH (Scheme 1). However, as these coupling reactions proceed, a large quantity of glucose is oxidized into gluconic acid, and the pH of the solution is reduced. Therefore, the selection of an appropriate buffer system is a matter of critical importance. YOL151W reductase activity was measured in an increasing molar concentration of Tris-HCl buffer (pH 7.5). Reductase activity was maintained at a constant level in a range of 50-300 mM (data not shown).
Low substrate solubility is another problem in the enzyme reaction. In order to address this issue, the substrate was dissolved in DMSO to a concentration of 1 M and then utilized for the reaction. Reductase activity was then measured with an increasing concentration of DMSO in order to determine the effects of DMSO. DMSO reduced enzyme activity by a stable and constant degree to a concentration of 1.5%, but its inhibitory effects increased noticeably at concentrations over 2% (data not shown).
The kinetic parameters, k cat and K m values, for ECOB were calculated as 490 min -1 and 0.27 mM, respectively ( Table 1 ). The kinetic parameters for NADPH were 250 min -1 and 0.031 mM, respectively.
Production of (R)-ECHB by Reductase-GDH Coupling Reaction
In order to maintain the ketone-reduction reaction for a prolonged period, abundant NADPH must be supplied. However, because NADPH is a rather expensive material, a NADPH regeneration system is clearly required. In this study, we utilized a GDH-coupling reaction for NADPH recycling (Scheme 1). Reaction products from the reductase-GDH coupling reaction were analyzed using a GC system equipped with a chiral column. (R)-ECHB was detected exclusively (Fig. 2A) .
As the coupling reaction continued, gluconic acid accumulated and the solution's pH was consequently reduced. The optimum pH of YOL151W reductase was pH 6.5-7.5, and its activity decreased rapidly at pH values below 6.0. In this experiment, the pH of the solution was maintained within pH 7.0-7.0 by the occasional additions of 1 M NaOH solution.
When the coupling reaction was conducted with an initial substrate concentration of 30 mM, approximately 100% of the ECOB was converted to (R)-ECHB within 180 min (Fig. 2B) .
Coupling Reaction Using an E. coli Whole-Cell System
We utilized the pETR151 plasmid and pACGDH for the production of the reductase and GDH enzymes (Fig. 3A) . We also constructed a recombinant plasmid in this study. The pACR151-GDH plasmid harbored both the GDH gene and the reductase gene (Fig. 3A) . The results of SDS-PAGE analysis showed that the E. coli cells containing both pETR151 and pACGDH generated both reductase and GDH (Fig. 3B) and that the E. coli cells containing only pACR151-GDH also generated these two enzymes (Fig. 3B) .
The reductase and GDH activities of four different recombinant E. coli cells were measured using a whole-cell system ( Table 2 ). As anticipated, intact E. coli cells harboring pETR151 or pACGDH evidenced either reductase or GDH Scheme 1. Schematic coupling reaction using reductase and GDH.
YOL151W catalyzed the reduction reaction of ECOB into (R)-ECHB. In the reaction solution, NADPH was supplied continuously from the glucose oxidation reaction by GDH. The values are expressed as mean±standard deviation of duplicates.
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activities exclusively. E. coli cells harboring two plasmids (pETR151 and pACGDH) simultaneously evidenced both reductase and GDH activities. Additionally, the E. coli cells harboring pACR151-GDH exhibited both activities, although the reductase activity was substantially higher than the GDH activity.
We conducted whole-cell coupling reactions using the latter two E. coli cell systems. When the E. coli cells were used for the reactions without pretreatment, they were unable to produce (R)-ECHB. However, after pretreatment with EDTA and toluene, the coupling reactions worked well in these E. coli whole-cell systems (Fig. 4) . This A. Three recombinant plasmids [pETR151 (YOL151W), pACGDH (Bacillus subtilis GDH), and pACR151-GDH (YOL151W and GDH)] were constructed as described in the Materials and Methods section. B. SDS analysis was conducted for four different recombinant E. coli cells containing pETR151, pACGDH, pACR151-GDH, and pETR151 puls pACGDH, respectively. Red A. GC analysis showed that the retention times of (R)-and (S)-ECHB were 17.16 min and 17.31 min, respectively. YOL151W produced (R)-ECHB exclusively. B. The amounts of (R)-ECHB (•), and enantiomeric excess values (○) were measured over the time course. pretreatment seemed to render the E. coli cells permeable to the substrates and products. Using a 30 mM initial concentration of the ECOB substrate, the conversion yield reached a level of 100% (pACR151-GDH) and 80% (pETR151 and pACGDH) within 90 min. (R)-ECHB was exclusively produced with an enantiomeric excess value of around 98% in both reaction systems.
Taken together, baker's yeast YOL151W reductase evidenced a high degree of activity for ECOB and generated (R)-ECHB exclusively. Recombinant Escherichia coli cells coexpressing YOL151W and Bacillus subtilis glucose dehydrogenase were capable of recycling NADPH and converting ECOB into (R)-ECHB. (R)-ECHB can be utilized as a precursor for the production of L-carnitine and hyperlipidemia drugs.
